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A tandem FAIMS–FAIMS system for ion trapping at room temperature and atmospheric
pressure is described. The first FAIMS device consisted of a side-to-side configuration
(sFAIMS) suitable for ion separation, whereas the second FAIMS device was appropriate for
ion trapping (tFAIMS). Ions pre-selected by the sFAIMS entered the tFAIMS and were
captured by virtual trapping fields at the hemispherical tip of the inner electrode. The use of
the sFAIMS, with wider electrode diameters, and consequently better ion separation efficiency
than the tFAIMS, lowered the number of background ions captured in the trapping region of
tFAIMS, and thus reduced the space charge effects in the trap. This tandem device was coupled
to a laboratory built time-of-flight mass spectrometer and was evaluated using the electrospray
generated [M  2H]2 ion of gramicidin S. The half-time (t1/2) of the exponential decay of the
ion cloud in tFAIMS, determined by monitoring the residual intensity of ions extracted from
the ion trapping region of tFAIMS after various delay times, was about 2 s. (J Am Soc Mass
Spectrom 2001, 12, 1320–1330) © 2001 American Society for Mass Spectrometry
High-field asymmetric waveform ion mobilityspectrometry (FAIMS) has been shown to pro-vide several advantages as an interface be-
tween atmospheric pressure ionization sources and
mass spectrometry [1–4]. When used with electrospray
ionization (ESI), the ion separation provided by FAIMS
results in a significant reduction in the chemical back-
ground observed in the mass spectrum. An ESI-
FAIMS-MS system has been demonstrated for trace
analysis of byproducts arising from disinfection of
drinking water [5, 6], detection of toxic microcystins [7],
and improved detection of peptide fragments arising
from tryptic digestion of proteins [8].
FAIMS separates gas-phase ions at atmospheric pres-
sure and room temperature based on differences in the
ratio of ion mobility at high electric field (Kh) relative to
low field (K) [1, 9]. During ion separation in a FAIMS
device, the Kh/K ratio that is characteristic of a particular
ion is reflected in the compensation voltage (CV) at
which that ion is transmitted, at a given amplitude of
the high voltage asymmetric waveform (the peak volt-
age is referred to as the dispersion voltage, DV). De-
tailed descriptions of the separation of ions in FAIMS
have been presented in earlier publications [1, 2, 4].
Different types of FAIMS geometries have been em-
ployed for separating ions. A cylindrical geometry
FAIMS [1, 10] has considerably higher transmission
efficiency, and thus, higher sensitivity than a parallel
plate FAIMS [9, 11], because of an atmospheric pressure
ion focusing mechanism [1, 2, 12].
Recently, the first experimental verification of ion
trapping using FAIMS operated at atmospheric pres-
sure and room temperature was reported [13]. In this
system, the inner cylinder was terminated in a hemi-
spherical shape so that the ion focusing capability of
FAIMS could be used in combination with the gas flow
along the inner electrode to create a 3-D ion trap. This
ion trap was characterized using ions generated by
corona discharge and a laboratory constructed time-of-
flight mass spectrometer (TOFMS). This design was
limited in that the dimensions of the FAIMS cylinders
were optimized for ion trapping, and not for ion sepa-
ration. Consequently, the effectiveness of the trap was
compromised by the space charge repulsion effects due
to the presence of the additional background ions.
There are several similarities, and some significant
differences between conventional quadrupole ion traps
[14–19] and the FAIMS ion trap [13]:
Buffer Gas Pressure: The quadrupole ion trap (QIT)
operates at low pressure, typically 1 mTorr of a helium
buffer gas, whereas the FAIMS trap operates at atmo-
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spheric pressure. The conventional QIT cannot operate
at atmospheric pressure, nor can the FAIMS trap oper-
ate under vacuum conditions.
Ion separation: The dimensions of the electrodes, and
the specific conditions of amplitude and frequencies of
voltages applied to a QIT dictate the m/z of the ions that
are confined in the QIT. The oscillating potentials are
applied as sinusoidal waveforms. Similarly, the dimen-
sions of the electrodes, and the conditions of voltages
applied to the FAIMS electrodes dictate the type of ions
stored in the trap. However, the ions are selected on the
basis of their change in ion mobility under conditions of
strong electric fields, in the particular type of bath gas.
The applied waveforms must be asymmetric in voltage.
Trapping fields: The potential well depth in the QIT
determines the amount of kinetic energy that an ion
must possess before it is capable of escaping or colliding
with the electrodes of the trap. This pseudopotential
well is the average consequence of many oscillations of
the applied rf voltage. Similarly, a potential well can be
described for a FAIMS ion trap. A virtual potential well
is the consequence of many oscillations of the asymmet-
ric waveform, and may also include a contribution due
to the flow of gas. Since FAIMS operates at atmospheric
pressure, the ion kinetic energy is low (close to thermal)
and the ion is readily transported in the viscous flow of
the bath gas.
Ion ejection: Ions can be ejected from a QIT by a rf
voltage ramp, or by using resonant excitation. In the
latter experiment, a potential oscillating at the secular
frequency of the trapped ion serves as resonant excita-
tion, increasing the kinetic energy of the ion. The ion
may subsequently be ejected from the trap, or suffer
collisionally induced dissociation. Since the ions in the
FAIMS ion trap move in a very viscous medium, such a
tickling experiment cannot be conducted. The ions are
ejected from the FAIMS ion trap by modification of the
electric fields, or by modifying the gas flows, so that the
virtual potential well is eliminated.
Applications: The QIT is a remarkable device that
has found a wide range of applications based on a
variety of experiments that can be performed, including
mass scans, collision-induced dissociation, high order
MSn experiments, and selective ion-molecule reactions.
The QIT is a sensitive analytical tool because the ions of
interest can by accumulated selectively, prior to detec-
tion. The FAIMS ion trap is a new technology that is
relatively unexplored in comparison to the QIT. High
sensitivity is expected because ions of interest can be
selectively trapped. Studies of ion-molecule reactions
can be envisioned. Because the mechanism of separa-
tion is not based on m/z, ions of identical m/z can be
separated.
In this report the design and evaluation of the first
tandem FAIMS–FAIMS system is described. Both
FAIMS operate at atmospheric pressure and room tem-
perature. The objective of this work was to overcome
two limitations of the previous trapping FAIMS device
including, (1) limited ion separation capability, and (2)
the inability to perform ion storage experiments. In this
new design the ions pass through two FAIMS devices
built in tandem. The first FAIMS device has radial
dimensions that are optimal for ion separation. The ions
that pass successfully through this first FAIMS device
enter a second, smaller radius FAIMS device that is
designed for ion trapping. The trapped ions are subse-
quently injected into the TOFMS. In addition to en-
hancement of the separation capability, the additional
FAIMS also provides an ion beam switch for studies of
ion storage using the FAIMS trap. The performance of
this tandem FAIMS–FAIMS TOFMS system is evalu-
ated using electrospray generated ions of the peptide
gramicidin S.
Theory of Ion Trapping in FAIMS
Changes in Mobility at High Electric Fields
The experimental measurement of the CV of transmis-
sion of an ion at a fixed DV provides an estimate of the
change in the mobility of an ion in a strong electric field.
Assume that the mobility of an ion at high electric field
strength (Kh) is represented as a polynomial expansion
in terms of even powers of (E/N):
Kh  K0
0N0
N 1   EN
2
  EN
4
 · · · (1)
where K0
(0) is the reduced ion mobility at zero field
strength, N0 is the gas number density at standard
conditions of pressure and temperature, and N is the
gas number density at ambient conditions. For simplic-
ity, the ratio (E/N) will be represented by E, and K0
(0)
(N0/N) will be given by K (the mobility at ambient
conditions and zero field strength) so that:
Kh  K1  E
2  E4  · · · (2)
Consider a waveform consisting of a sine wave and its
harmonic represented by:
Vat  C
2
3
Dsint  1
3
Dsin2t  / 2 (3)
where  is the waveform radial frequency, C is the CV,
and D is the DV. If the experimental data is generated
using this waveform, the values of the parameters 
and  in eq 2 are determined from the experimental
pairs of CV and DV ion transmission data using:
C  D39d2  15CD
2
18d2

C3
d2   55D
5
486d4

55CD4
72d4

10C2D3
9d4

25C3D2
9d4

C5
d4  0 (4)
where d is the dimension of the space between the
FAIMS electrodes. Eq 4 has been truncated to include
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only the terms for  and , however, a more general
version has been described elsewhere [20]. Note that
this data processing procedure cannot provide a value
for the low field mobility of the ion. For this discussion,
the ion mobility of the [M  2H]2 ion of gramicidin S
was estimated to be 1.2 cm2/Vs [21]. A value for the 
term (  2.32  106 Td2) was determined from
experimental DV and CV data, and for simplicity, the 
term was set to zero.
Ion Motions and Virtual Fields
The motions of ions in gases at high pressure were
calculated using a numerical simulation technique in
which the trajectory was divided into small steps. The
conditions of electric field, ion mobility, ion velocity,
and ion location were established at each step. The
electric field in a complex structure of conductors may
be estimated using numerical techniques, including the
relaxation methods described for the solution of the
Laplace equation [22]. Ion trajectories in cylindrical and
trapping versions of FAIMS that have appeared in
earlier reports [2, 13] were calculated in this manner.
Figure 1 illustrates a cross sectional view of a trap-
ping FAIMS device. This version of FAIMS is composed
of an inner electrode with a radius of 1 mm, an outer
cylindrical electrode with a radius of 3 mm, and a flat
surface (i.e., the orifice plate of the mass spectrometer)
at the right edge of the diagram. The distance between
the tip of the inner electrode and the orifice plate is 2
mm. The figure illustrates the two transects along
which the virtual electric fields will be calculated. The
fields in the radial direction along the length of the
inner electrode, will be estimated at a distance of about
3 mm from the hemispherical terminus of the inner
electrode. The axial electric fields will be calculated
along the axis of rotational symmetry between the tip of
the inner electrode and the flat orifice plate.
The electric field described in the following para-
graphs is virtual since this discussion considers the net,
long-term behavior of an ion rapidly oscillating in a
varying electric field, and in some cases, in a flow of
gas. The forces on the ion are translated into a virtual
electric field reported in volts per centimeter (V/cm).
The net velocity of the ion, superimposed on the rapid
oscillations from the applied asymmetric waveform,
can be calculated from the virtual field and the ion
mobility, just as if the virtual fields were static. The
virtual field strength at a point in space is dependent on
the physical geometry of the FAIMS electrodes, the
applied CV and DV, the ionic mobility parameters (K, ,
and ), and the gas velocity.
To estimate the virtual electric fields, the motion of
the [M  2H]2 ion of gramicidin S was calculated for
one cycle of an asymmetric waveform (750 kHz, square
wave with a 2:1 high to low voltage ratio, DV  3500
V, CV  4.5 V) at each location along the radial and
axial transect lines shown on the FAIMS schematic in
Figure 1. The use of a square wave required a con-
version (reduction) of the high-field parameter  from
2.32 106 Td2 to 1.03  106 Td2 to reflect the
higher efficiency of the square wave [20]. Comparison
of the initial location, and the location of this ion after
one cycle of the waveform provided an estimate of the
net rate and direction of ion motion. The virtual electric
field at each location was calculated from this net ion
velocity and the ion mobility. Figure 2 illustrates the
virtual fields experienced by the ions in the trapping
FAIMS. Figure 2a shows the virtual electric fields in the
radial direction. The origin in the radial direction is
taken to be the center axis of the cylindrical inner
electrode, and the ion is transmitted in the analyzer
region between 1 and 3 mm radial distance.
Figure 2b illustrates the virtual electric field that the
ion experiences along the axial direction between the
terminus of the inner electrode and the flat plate elec-
trode. The surface at the tip of the hemispherical end of
the inner electrode is taken as the origin for this axial
direction, and the ions can be located between 0 and 2
mm from the electrode, i.e., the space between the
electrode and the surface of the orifice plate. The electric
fields in the vicinity of the tip of the inner electrode
(spherical geometry) are stronger than at comparable
locations near the sides of the electrode (cylindrical
geometry). The fields near the surface of the orifice
plate are constant with axial distance and stronger than
at comparable distances from the outer electrode along
Figure 1. Cross sectional schematic of a tFAIMS. The spacing
between the tip of the inner electrode and the orifice plate is 2 mm.
The figure illustrates the two transects along which the virtual
electric fields will be calculated, one in the radial direction and a
second in the axial direction between the inner electrode and the
orifice plate.
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the sides of the inner electrode. The apparent noise in
the curves in Figure 2 (and throughout this section) is a
result of the finite step size (400 points/cm) that was
used in the calculations of the electric fields within the
electrode assembly.
For ease of visualization of the effect of the trapping
fields presented in Figures 2a and b, the fields may be
replaced by potential profiles, shown in Figures 3a and
b. Since these voltages are virtual, the bottom of the
potential well has been arbitrarily assigned to zero.
Figure 3a illustrates that ions located at various radial
distances between the inner electrode and the outer
electrode will fall into the bottom of the potential well,
located about 0.8 mm from the surface of the inner
electrode. Steep potential walls prevent the ions from
colliding with the surfaces of the electrodes. Similarly,
this potential well surrounds the end of the hemispher-
ical tip of the inner electrode, as shown in Figure 3b.
Although the distance between the inner electrode and
the orifice plate is equal to the distance between the
electrodes shown in Figure 3a, the shape of the well is
slightly different from that shown in Figure 3a, reflect-
ing the change in physical geometry. The bottom of the
potential well is located closer to the hemispherical tip
of the inner electrode than it is to the side of the
cylindrical portion of the inner electrode.
The periodic confinement and release of the ions
from the trapping region at the tip of the inner electrode
of FAIMS is experimentally controlled by the voltage
applied to the orifice plate of the mass spectrometer
(OR). Figure 4 illustrates the virtual fields in front of the
inner electrode for applied voltages of 5, 0, and 5 V
on the OR plate. At an applied OR of 0 volts, the
transition from positive values of virtual field to nega-
tive values occurs at a distance of about 0.7 mm from
the tip of the inner electrode. At all points to the left of
this crossover, the field is positive and the gramicidin S
ions travel in a positive direction (left to right in Figure
4). At all points to the right, the field is negative and the
ions travel away from the orifice plate. This means that
the ions are focussed towards the point of crossover
shown in Figure 4 (corresponding to the bottom of the
potential well shown in Figure 3b). The ions accumulate
in a region near this point, distributed around this
Figure 2. Calculated fields in tFAIMS for the [M  2H]2 ion of gramicidin S: (a) The virtual electric
field that the ion experiences in the radial direction between the inner electrode and the outer
electrode, and (b) the virtual electric field that the ion experiences along the axial direction between
the inner electrode and the flat orifice plate. For ease in interpreting the curves, positive fields
correspond to a left to right ion motion in both traces on this figure.
Figure 3. Calculated trapping potential wells for the [M  2H]2 ion of gramicidin S in the (a) radial,
and for the (b) axial directions, corresponding to the fields shown in Figures 2 (a) and (b). The bottom
of the virtual potential well has been arbitrarily assigned as zero.
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optimum focus point because of the effects of diffusion,
space charge repulsion, and gas turbulence. At OR
voltages higher than 0 V, the focus point is pushed
towards the inner electrode, as shown for the trace at
OR  5 v in Figure 4. Conversely, at OR  5 v, the
virtual field is positive at all points between the inner
electrode and the orifice plate, and the ions do not focus
in front of the inner electrode, but rather are continu-
ously swept towards the orifice plate (left to right
direction in Figure 4).
The flow of gas through FAIMS further modifies the
virtual fields experienced by the ions. For illustrative
purposes, Figure 5a shows an approximation of the
virtual electric fields that the ions will feel along the axis
of rotational symmetry between the inner electrode and
the OR. The same CV and DV conditions as those in
Figures 2 to 4 were used, the OR was changed to20 V,
and a gas flow from left to right (based on Figure 1) of
0, 200, 400, and 600 mL/min was introduced. Since the
gas flow into the orifice of the mass spectrometer
converges towards a fixed point, the gas velocity at any
distance from this point can be approximated as a cone
of decreasing radius towards the exit point. Consider a
total gas flow of 600 mL/min and a cone of 3 mm radius
at a distance of 2 mm, decreasing in radius to a
minimum of 0.5 mm. The gas velocity at the widest part
of the cone (0.28 cm2) would be about 35 cm/s, and at
a distance of 1 mm (0.1 cm2) the velocity would increase
to about 100 cm/s. This gas velocity profile (normalized
to zero flow at the inner electrode surface) was included
in calculating the virtual field curves that are shown in
Figure 5a. Recall that positive fields result in a left to
right motion of the ions towards the orifice plate. For
example, the transition from negative to positive field
occurs about 1.3 mm from the inner electrode at a gas
flow of 600 mL/min, and all ions located beyond this
point travel toward the orifice plate, carried by the flow
of gas into the orifice.
To further illustrate the effect of the gas flow rate on
ion trapping, potential profiles are shown in Figure 5b.
These curves illustrate that a focusing region exists
close to the terminus of the inner electrode at each of the
gas flows (at OR  20 V). Since the gas flow velocity
near the surface of the inner electrode is low, this focus
point is very similar for all of the flow rates (about 0.2
mm from the inner electrode terminus). This figure also
shows that if an ion is located near the orifice plate, the
gas flow may transport the ion against the electric field,
and into the orifice. For example, at a gas flow of 600
mL/min into the orifice, an ion located further than 1.3
mm from the inner electrode will be swept into the
orifice. On the other hand, if an ion is located between
0 mm and about 1.3 mm, the ion will fall to the bottom
of the potential well located about 0.2 mm from the
orifice plate.
The high repelling voltage applied to OR in Figure 5
is required to prevent the ions from being pulled by the
gas flow out of the trapping region and into the orifice
of the mass spectrometer. The reduction of the OR
voltage to zero (gas flow of 600 mL/min) eliminates the
Figure 4. Calculation of the virtual fields for the [M  2H]2 ion
of gramicidin S in front of the inner electrode for applied voltages
of 5, 0, and 5 V on the OR plate. Positive fields correspond to
a left to right ion motion in this figure.
Figure 5. Effect of the gas flow on trapping in the FAIMS device. (a) Calculated virtual fields for the
[M  2H]2 ion of gramicidin S along the axis between the inner electrode and OR. The same CV and
DV conditions were used as in Figures 2 to 4, except OR  20 V and a gas flow from left to right
(Figure 1) of 0, 200, 400, and 600 mL/min, which funnels into an orifice of 0.5 mm located at the center
of the plate, was introduced. (b) Calculated trapping potential wells for the same gas flow rates.
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trapping action and the ions flow continuously into the
mass spectrometer (analogous to OR  5 v in Figure
4). In the experiments described in a later section of this
report, the trapped ions are held while the OR is fixed
at 21 V, and then released by a stepwise change in the
OR from 21 V to 0 V (relative to VFAIMS). Based on the
high velocity gas flows near the orifice of the mass
spectrometer, the time for transport of ions from the
trapping region into the vacuum system is estimated to
be short (less than 2 ms after OR is decreased).
Experimental
Instrumentation
The tandem FAIMS–FAIMS ion trap, illustrated in cross
section in Figure 6a, is composed of three FAIMS
devices. Two of the FAIMS are of a side-to-side geom-
etry (sFAIMS), and the center FAIMS is the trapping
FAIMS (tFAIMS). In the present work one of the side-
to-side devices was not in operation, however, this
geometry provided the option for introducing ions from
either or both of the side-to-side FAIMS into the trap-
ping FAIMS.
All three FAIMS devices were built into a single
stainless steel block, shown schematically in Figure 6b,
that served as a common outer electrode. This was
achieved by drilling holes, perpendicular to each other,
sufficiently close that a small opening appeared be-
tween the two bore holes at the point of intersection
(shown in Figure 6b). The aperture between the FAIMS
devices was carefully shaped to avoid distortions in the
smooth, polished inner surfaces of the holes. Inner
cylindrical electrodes (shown in Figure 6a) were
mounted into each hole resulting in a 2 mm annular
space in each of the FAIMS devices.
The sFAIMS and the tFAIMS devices were operated
in series. As shown in Figure 6a, ions from an electro-
spray source passed through a curtain plate and
through an orifice in the outer electrode of the sFAIMS.
The ions passed around the inner electrode of the
sFAIMS and through an orifice leading to the tFAIMS.
The tandem sFAIMS–tFAIMS device was attached to
the orifice plate of the mass spectrometer by a PEEK
insulating sleeve (not shown) to electrically isolate the
FAIMS from the OR (separation of less than 0.5 mm)
while maintaining a gas tight connection.
The two sFAIMS devices each consisted of a 20 mm
diameter cylindrical channel and a 16 mm diameter
inner electrode. These electrode diameters were se-
lected to enhance the ion separation capabilities of
sFAIMS, while minimizing ion losses. The ions passed
through this sFAIMS at a fixed longitudinal location,
since the ion entrance and ion exit apertures were
located at opposite sides of the inner electrode. In this
side-to-side design, the ion beam is split; ions pass
around both sides of the inner electrode and rejoin at
the exit port. The diffusional losses along the length of
the sFAIMS are minimized by the convergence of the
gas towards the exit aperture.
The tFAIMS used narrower electrode diameters that
were more suitable for trapping ions. The electrode
channel was 6 mm in diameter and the inner electrode
was 2 mm, thus establishing a 2 mm annular ion
transmission region along the length of the inner elec-
trode. In the tFAIMS, the ions traveled a distance of
about 2 cm along the length of the inner electrode and
converged to the focus point near the tip of the inner
electrode terminus. The longitudinal (axial) location of
the inner electrode was adjustable, and when mounted
on the mass spectrometer, the tip of this electrode was
located about 2.0 mm from the flat orifice plate.
Both the sFAIMS and tFAIMS shared a common
Figure 6. (a) Schematic of sFAIMS and tFAIMS operating in series, and (b) schematic of the common
outer electrode. Three holes were drilled into a single stainless steel block that served as an outer
electrode common to both the sFAIMS and to the tFAIMS. A small aperture between the two bore
holes at the point of intersection permitted ion transmission between the sFAIMS and the tFAIMS.
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electrode block, hence the same outer electrode voltage
(VFAIMS). VFAIMS provided an (optional) adjustable volt-
age difference between the FAIMS block and the OR of
the mass spectrometer. For this study, a single asym-
metric waveform generator was used to power the
inner electrodes of the FAIMS devices, consequently the
applied DV and CV for the sFAIMS and tFAIMS were
identical. The waveform generator (750 kHz) was oper-
ated at DV  3600 V, providing a waveform with a
relative amplitude of the sine wave to its harmonic of
about 4:1 [20]. The CV was adjusted manually and each
data point or mass spectrum represents 1000 TOFMS
acceleration pulses.
Unlike the previous ion trapping FAIMS [13], the
system shown in Figure 6 was designed to accommo-
date ESI by incorporation of a curtain plate and curtain
gas flow. The electrospray needle and associated liquid
delivery system have been described elsewhere [8]. The
ESI needle was set to 4000 V (current 200 nA) and
positioned approximately 1 cm away from the curtain
plate (1000 V), which was electrically insulated from
the outer electrode of the sFAIMS. Nitrogen curtain gas
was passed through a charcoal/molecular sieve gas
purification cylinder and introduced into the region
between the FAIMS common outer electrode, and the
curtain plate at a flow of 2.0 L/min. This gas flow split
into two directions. One portion (about 1.5 L/min) of
this gas flowed out through the hole of the curtain plate
countercurrent to the arriving electrospray ions. A flow
of approximately 500 mL/min carried the ions into the
sFAIMS, through the tFAIMS, and into the vacuum
system of the mass spectrometer. This second flow was
a function only of the diameter of the orifice into the
mass spectrometer, since no other gas entrances or exits
were provided in either the sFAIMS or the tFAIMS.
TOFMS Operation
The experimental setup and operation of the TOFMS for
the evaluation of a FAIMS ion trap was described in a
previous publication [13]. In brief, a pulsing power
supply (GRX-2.0K-H, Directed Energy, Inc., Fort Col-
lins, CO) was used to hold the OR in two possible
voltage states; one for trapping of ions, and the second
for extraction of ions from the tFAIMS. In this study, the
OR was held at 71 V for a given time (e.g., 40 ms)
during ion trapping, and at 50 V for a given time
(e.g., 10 ms) during ion extraction. In all experiments,
VFAIMS  50 V. After the initiation of the ion extrac-
tion by lowering the OR, the cloud of ions that was
located near the terminus of the inner electrode of the
tFAIMS moved to the orifice, through a differentially
pumped interface, and into a custom built octopole ion
guide (ABB Extrel, Pittsburgh, PA). The octopole ion
guide was operated at low pressure (6  105 torr) so
that the transit time, and thus broadening of the pulse
of ions inside the octopole was minimized. The ions
passed from the octopole through an exit lens and into
the acceleration grids of the TOFMS. The acceleration
region of the TOFMS was composed of three fine mesh
metal grids (Buckbee Mears, St. Paul, MN). The grid
that was located closest to the flight tube was held
constant at ground potential. The other two grids (i.e.,
high grid and low grid) were each connected to a high
voltage pulse generator (GRX-2.0K-H, Directed Energy,
Inc.). The high and low grid voltages were manually
adjusted for optimum mass resolution and ion intensity.
Ion Injection Experiments
An ion injection experiment was performed by applica-
tion of the asymmetric waveform (DV and CV) to the
inner electrodes of both FAIMS devices. The ion trap-
ping at the terminus of the inner electrode in tFAIMS
was controlled by the voltage applied to the orifice plate
(OR). At OR voltages higher than VFAIMS, the ions were
held trapped in the tFAIMS, and at OR voltages equal to
or below VFAIMS, the ions were extracted from the
tFAIMS. Typically, OR was 21 V higher than VFAIMS
during ion injection and equal to OR during ion extrac-
tion. In an ion injection experiment, the time during
which OR was held high was varied.
The pulse sequences applied during the tFAIMS
TOFMS ion injection experiment are similar to those
described previously [13]. Voltages were applied to the
OR and the TOFMS acceleration grids (as described
above) to control the movement of the ion beam. The
OR voltage was decreased stepwise to permit the
trapped ions to escape and flow towards the orifice
plate, and the TOFMS acceleration region was pulsed
after a time delay. This delay was established experi-
mentally, and corresponded to the time required for the
ions to leave the trapping region of the tFAIMS, pass
through the octopole ion guide, and arrive at the
acceleration grids of the TOFMS (experimentally deter-
mined to be less than 1 ms).
Ion Storage Experiments
An ion storage experiment was conducted by applying
the asymmetric waveform to the inner electrode of the
tFAIMS, and a dc voltage (without asymmetric wave-
form) to the inner electrode of the sFAIMS. This dc
voltage was applied to the inner electrode of the
sFAIMS to create an ion beam switch. If the dc voltage
was equal to that of the outer electrode of the sFAIMS
(i.e., VFAIMS), the ions were transmitted. The ion beam
was readily interrupted, without modification of any of
the voltages applied to the tFAIMS, by stepping this
voltage 5 V lower than VFAIMS. The ion transmission
through the sFAIMS was considerably lower (about
100-fold) in these experiments (without the asymmetric
waveform applied) since the ions were readily lost via
diffusion and space charge repulsion to the conductive
inner and outer surfaces of the sFAIMS. In the present
system, the sFAIMS could not be used as an ion beam
switch by stepwise control of the CV, because of the
long time-constants of the electronic circuits in the
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asymmetric waveform generator, and because only one
waveform generator powered both the sFAIMS and the
tFAIMS.
The pulse sequences applied to the optical elements
of the sFAIMS–tFAIMS TOFMS during ion storage
experiments differ slightly from those used with the
injection experiment. As before, the ions were extracted
from the tFAIMS by stepwise reduction of the OR
voltage, releasing the trapped ions into the TOFMS.
However, in the ion storage experiment, the ion trap
was first filled with ions before the sFAIMS was used to
stop the ion input. After switching the sFAIMS voltage
to non-transmitting state, ions were no longer transmit-
ted into the tFAIMS. The decay of residual ions in the
trapping region of tFAIMS was determined by increas-
ing the delay time between the interruption of the input
ion flow using the sFAIMS and the release of the
trapped ions from tFAIMS. This provided a direct
experimental measurement of the length of time that
the ions could be held in the trapping region near the
tip of the inner electrode in the tFAIMS.
Preparation of Sample Solutions
Gramicidin S (Sigma Chemical Company, St. Louis,
MO) was used as received. Sample solutions of grami-
cidin S (concentrations ranging from 250 nM to 2.5 M)
were prepared in a solvent mixture of 50/50/0.5 water/
methanol/acetic acid (vol/vol/vol).
Results and Discussion
Ion Injection Experiments
CV for transmission of gramicidin S. To illustrate the
separation capabilities of the tandem FAIMS device
compared with a single tFAIMS device, CV spectra
were collected for the [M  2H]2 ion of gramicidin S
using two different ion injection experiments. The first
injection experiment was performed as described in the
Experimental section (i.e., the waveform was applied to
both FAIMS devices) with an ion injection time of 40
ms. The CV spectrum for the [M  2H]2 ion of
gramicidin S acquired in this experiment is shown in
Figure 7a. The maximum ion signal is observed at CV
5.0 V and the width of the peak is about 2.5 V (10%
maximum intensity).
The second injection experiment was conducted with
the asymmetric waveform applied only to the tFAIMS.
The sFAIMS was operated without the asymmetric
waveform, and the inner cylinder was set to 50 V (i.e.,
same voltage as VFAIMS). This enabled ions to be con-
tinuously transmitted through the sFAIMS (attenuated
because of losses due to diffusion and space charge
repulsion) without being separated. Figure 7b shows
the CV spectrum for the [M  2H]2 ion of gramicidin
S acquired in this experiment. The CV of maximum ion
transmission remains near 5 V, but the width of the
peak has increased to about 4.5 V (10% maximum
intensity). The increased peak width in this CV spec-
trum is a result of the decreased ion separation capa-
bilities of the narrow diameter electrodes of tFAIMS.
Comparison of Figures 7a and b indicate that the
separation capability of a cylindrical geometry FAIMS
device is a function of the diameter of the FAIMS
electrodes.
Delay time between OR step and TOFMS acceleration. The
time between lowering the OR voltage and applying the
acceleration pulse to the TOF grids was varied to
optimize the observed ion pulse intensity. For gramici-
din S, most ions were detected between 0.5 and 1.5 ms
after lowering of the OR voltage. A delay time of 0.8 ms
was used for all experiments. This delay time must be
experimentally verified for the analyte of interest, since
the velocity of the ion will be a result of energy gained
while traversing the orifice and skimmer cone regions
of the interface, as well as from electric fields in the ion
optics.
ESI sFAIMS–tFAIMS TOFMS mass spectra. TOF mass
spectra acquired for three different injection times, at a
CV of 5 V, using a solution of 250 nM gramicidin S,
are shown in Figure 8. Injection times of 40, 190, and 990
Figure 7. CV plot for the [M  2H]2 ion of gramicidin S (2.5
M) acquired with (a) the asymmetric waveform (DV  3600 V)
applied to both sFAIMS and tFAIMS and (b) the asymmetric
waveform (DV  3600 V) applied to only tFAIMS (sFAIMS
continually transmitting). VFAIMS  50 V, and OR was stepped
from 71 V (trapping) to 50 V (extraction).
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ms were used in acquiring Figures 8a, b, and c, respec-
tively. In each case 1000 repeat spectra were averaged,
therefore the total experimental acquisition times re-
quired to obtain these spectra were 50, 200, and 1000 s,
respectively. The increase in ion intensity with increas-
ing injection time is the result of the accumulation of
ions at the tip of the inner electrode of the tFAIMS. Note
that these mass spectra do not resemble conventional
ESI mass spectra of this compound. In FAIMS, only
those ions with the correct ratio of Kh/K can be trans-
mitted at a particular combination of DV and CV.
Consequently these mass spectra display only a small
subset of the mixture of ions delivered from the ESI
source into the tandem FAIMS device.
Ion injection kinetics. The intensity of the pulse of ions
extracted from the trapping zone of tFAIMS was mea-
sured as a function of the ion injection time. Figure 9
shows a plot of (normalized) ion intensity as a function
of injection time from zero to 2 s using a solution of 250
nM gramicidin S. The filled circles designate the mea-
sured intensities of the [M  2H]2 ion, and the dashed
line represents a fit to the data (described later). The
data can be divided into three regions. In the first region
(injection times less than 10 ms) the ion intensity
remains low. The signal intensity is observed to in-
crease (after this short induction period) as a function of
injection time from about 10 ms to 1 s. In this second
region, the rate of ion losses due to diffusion and space
charge repulsion are increasing as the trap is filled, but
the rate of loss is lower than the input flux of ions. The
third region in the curve is observed after about 1 s,
where the signal intensity remains approximately con-
stant. In this region, the ion density is sufficiently high
that an equilibrium between the total rate of ion loss
and the flux of arriving ions is reached. In a series of
experiments conducted with various concentrations of
sample (results not shown) the time required to reach
equilibrium was shortest for the highest concentrations
of gramicidin S and longest for the lowest concentra-
tions.
The results of signal versus injection time can be
evaluated using a simple ion trapping model proposed
previously [13] in which the ion loading of the trap is a
function of: (1) the flow rate of ions into the trap and, (2)
an ion loss rate that is proportional to the net ion
loading of the trap. Based on these assumptions, the
intensity (Z) of the pulse of ions extracted at various
trapping times, t, is described by:
Zt 
X
k
1  ekt  Z0e
kt (5)
where X is the rate of ion input to the trap (intensity
units s1), k is the ion loss rate constant (s1), Z0 is the
ion intensity at time zero, and t is the time (s). This
function provides a fit to the data shown in Figure 9
using an input ion flux of X  3.25 intensity units s1
and a rate constant k  3.3 s1. This corresponds to a
half time (t1/2  ln2/k) in the trap of about 0.210 s. Note
that at high input ion fluxes (not shown), the t1/2
appears to decrease. This suggests that the second
assumption used to derive eq 5, namely that the rate of
ion loss is proportional to the total ion load in the trap
is only applicable at low ion density. A model that more
Figure 8. TOF mass spectra of a 250 nM solution of gramicidin S
acquired at injection times of (a) 40, (b) 190, and (c) 990 ms. DV 
3600 V, CV  5 V, VFAIMS  50 V, and OR stepped from 71 V
(trapping) to 50 V (extraction).
Figure 9. Measured intensity of the [M  2H]2 ion of gramici-
din S (250 nM) extracted from the trapping region near the end of
the inner electrode of tFAIMS as a function of the injection time.
DV  3600 V, CV  5 V, VFAIMS  50 V, and OR stepped from
71 V (trapping) to 50 V (extraction). The dashed line is a fit to
the experimental data using eq 5 where X  3.25 intensity units
s1, k  3.3 s1, and Z0  0.
1328 GUEVREMONT ET AL. J Am Soc Mass Spectrom 2001, 12, 1320–1330
effectively describes ion trapping in FAIMS is currently
being developed.
The injection experiments conducted with the new
tFAIMS show that this device is capable of significantly
longer ion trapping times (t1/2  200 ms) than the
previous ion trapping device [13] (t1/2 less than 10 ms).
This improvement is attributed to tighter dimensional
tolerances in the fabrication of tFAIMS, minimization of
unwanted ions by pre-separation using the sFAIMS,
and the use of a carrier gas that contains fewer contam-
inants (including water content) than was possible with
the previous system.
Ion Storage Experiments
The sFAIMS–tFAIMS device permits a study of the
decay kinetics of the cloud of trapped ions from
tFAIMS. The ion intensity due to residual, trapped ions
can be measured at various times after the flow of ions
into the tFAIMS is interrupted by the sFAIMS as
described in the Experimental section. The ion storage
experiments were conducted using electrospray ioniza-
tion of a 2.5 M solution of gramicidin S. Since the time
required for the ions to pass through the FAIMS–
FAIMS device was determined to be 90 ms, the
injection period used to load the trap was a minimum of
about 190 ms. After the injection period, the ion beam
was cut by application of a voltage to the inner cylinder
of the sFAIMS. The intensity of residual ions was
monitored at various times after the beam was inter-
rupted.
The normalized signal intensity as a function of the
storage time of the [M  2H]2 ion of gramicidin S in
tFAIMS is shown in Figure 10. The filled circles desig-
nate the measured intensities of the [M 2H]2 ion and
the dashed line represents a fit to the data (described
below). The intensity of the ion pulse is approximately
constant for the first 100 ms of ion storage. The ion
intensity in the trap does not decrease substantially
because ions continue to be delivered to the trapping
region from along the length of the inner electrode of
tFAIMS. After this short induction period, the ion
intensity decays exponentially. Figure 10 shows that
ions continue to be detected for more than 7 s after the
ion beam was interrupted.
The analysis of the shape of the exponential decay
region of the ion storage experiment shown in Figure 10
is analogous to the interpretation of the injection curves
in Figure 9. For this experiment, the input flux (X) is
zero and eq 5 simplifies to an exponential decay, Z 
Z0e
kt, where Z0 is the initial ion intensity. In Figure 10
the data points were fit with Z0  1 and k  0.33 s
1,
corresponding to a t1/2 of about 2.1 s.
Conclusions
FAIMS is capable of storage of ions at atmospheric
pressure and room temperature for substantial periods
of time (seconds). This storage capability offers several
new opportunities. Ion storage using FAIMS devices
may lead to improvements in analytical detection limits
for systems adapted to accept a transient cloud of ions.
For example, the low sensitivity of conventional drift
tube ion mobility spectrometers (IMS), when used with
MS detection, may be improved using FAIMS. In this
experiment, the ion beam may be accumulated and
focused radially using a FAIMS ion trap. A pulse of ions
would be ejected from the FAIMS trap, and timed to
arrive coincident with the opening of the IMS gate grid.
A similar benefit is expected for the combination of
tFAIMS and a commercial TOF instrument. Evaluation
of tFAIMS TOFMS for improved detection sensitivity is
presently underway in our laboratory.
Storage of ions at atmospheric pressure may facili-
tate new studies of the properties and reactions of ions
at atmospheric pressure and room temperature. Of
particular interest to the field of proteomics, the study
of the conformations of protein ions using FAIMS has
been demonstrated. Future work is expected to lead to
further understanding of subtle structural features of
these ions. In the future, methods of chemical synthesis
based on reactions with trapped ions may also become
feasible.
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